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The second harmonic susceptibility due to the intersubband transitions in the three-level 
GaAs/AIXGal -&/A&Gal -,As compositionally asymmetric coupled quantum well 
(CACQW) under the influence of the applied electric field is investigated theoretically. The 
subband eigenenergy En of the CACQW structure could be designed to form an equally spaced 
energy-level ladder. Since the eigenenergy spacing could be designed to resonate with the 
pumping source, the second harmonic susceptibility could be greatly enhanced through the 
double resonance. Based on the theoretical calculations, the second harmonic susceptibility as 
high as 220 rim/V can be achieved for the CACQW. This is’ a more than three orders of 
magnitude enhancement as compared to that of the bulk GaAs. In addition to the design of 
CACQW structure, the double resonance can also be achieved by biasing the CACQW under a 
proper electric field. The extinguishment of the second order nonlinear optical etfect by the 
applied electric field has also been studied. This phenomenon is attributed to the symmetry 
restoration of envelope wave functions of the CACQW structures under the quenching electric 
field g3,,. A simple physical model to estimate the %‘,,r has also been developed. 
I. INTRODUCTION 
Quantum confinement of carriers in a semiconductor 
quantum well’ leads to the formation of discrete subbands. 
Transition between these subbands of the quantum well 
have extremely large oscillator strength and relatively nar- 
row linewidth. The linear intersubband optical absorption 
of the quantum well has been studied experimentally and a 
very large and sharp optical absorption resonance was 
observed. ~-6 This large dip ole moment for the intersubband 
transition suggests that a very large optical nonlinearity 
may exist for the semiconductor quantum well. Recently, 
the optical nonlinearities associated with intersubband 
transitions at il C: 10 pm in various quantum well structures 
have been theoretically investigated”” and very strong 
second order nonlinear effects have been observed in the 
multiple quantum wells under the applied electric field,r2 
the step quantum we11,13-*6 and the asymmetric coupled 
quantum wells (ACQW).‘7P18 The observed second har- 
monic susceptibility is about two orders of magnitude 
larger than that of the bulk semiconductor. 
One of the most conspicuous properties of the quan- 
tum well is that the position and the oscillator strength of 
the intersubband optical resonance can be tailored by the 
shape and the dimension of the quantum well. The three- 
level GaAs/Al,Ga, -fis/Al,Ga, -,,As compositionally 
asymmetric coupled quantum well (CACQW) (Fig. 1) is 
studied here. The subband eigenenergy E, of the CACQW 
structure could be designed to form an equally spaced 
energy-level ladder. The second harmonic susceptibility of 
*‘Author to whom correspondence should be addressed. 
the CACQW can be greatly enhanced through the double 
resonance. A CACQW consists of a pair of quantum wells 
with different depth separated by a thin barrier. The depth 
of each quantum well can be controlled by the composition 
of the quantum well. In this study, a GaAs layer is as- 
sumed for the deep quantum well and an A&Gal -JpLs layer 
is used as the shallow quantum well with the Al mole 
fraction y less than the Al mole fraction x of barrier layer 
Al,Ga,-,As. From the symmetry consideration, the sec- 
ond harmonic susceptibility will vanish unless the quantum 
well is asymmetric. By introducing this difference in the 
quantum well depth AU, the CACQW is an asymmetric 
system even with equal quantum well width. The CACQW 
with this extra design parameter of the AU will render an 
easy control of the subband eigenenergy level and the di- 
pole moment. Both the eigenenergy of the ground state El 
and the eigenenergy of the second excited state E3 is nearly 
independent of the AU, while the eigenenergy of the first 
excited state E, is raised with the AU. Thus it is possible to 
obtain a very large value of the second harmonic suscepti- 
bility through the double resonance by placing fi2 in the 
middle of El and E3. The double resonance can also be 
achieved by applying a proper electric field on the 
CACQW. In this article, the AlGaAs/GaAs material sys- 
tem is assumed for this quantum well structure and only 
the left well is assumed to be doped with silicon (doping 
concentration is about 3.0~ lOi cme3). 
In this article, the dependence of the second harmonic 
susceptibility on the quantum well width and the compo- 
sition of the A1,,Gal-+s quantum well is investigated. 
Subband envelope wave functions and eigenenergies are 
calculated self-consistently by simultaneously solving the 
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FIG. 1. Schematic diagram of a CACQW structure. Both quantum wells 
have an identical well width of 45 A. The barrier thickness is 118, and the 
barrier height is 370 meV. The quantum well depth difference AU is 40 
meV. Subband energy levels and their associated envelope wave functions 
are also displayed. 
FIG. 2. Envelope wave functions of the three state subbands for the 
CACQW under the quenching electric field I,,. Note the symmetric 
restoration for these three envelope wave functions. 
Schriidinger equation and the Poisson equation.Ig The 
Schrodinger equation is solved by the transfer matrix 
method and the Poisson equation by numerical 
integration.” The energy-dependent effective mass due to 
energy-band nonparabolicity is also taken into account in 
this article. 2o This ana1ys.s ‘s I I then employed to determine 
the energy-band nonparabolicity induced lowering of the 
subband eigenenergy. Based on the theoretical calculation, 
the CACQW do give a very strong nonlinear optical effect. 
Second harmonic susceptibility as high as 220 rim/V can 
be achieved for the CACQW structure. This is a more than 
three orders of magnitude enhancement as compared to 
that of the bulk GaAs. Variation of the second harmonic 
susceptibility under the applied electric field shows a very 
interesting phenomenon of the electric field quenching ef- 
fect. This quenching effect for the second harmonic suscep- 
tibility can be understood as the restoration of the symmet- 
ric or antisymmetric properties of the envelope wave 
functions in the CACQW under the proper applied electric 
field (Fig. 2). Thus, beside the enhancement of the second 
harmonic susceptibility, the CACQW structure offers an 
additional turn-off ability for the second order nonlinear 
optical effect through an external electric bias. A more 
than 3OO:l on/off ratio for the second harmonic suscepti- 
bility can be achieved for the CACQW’structure. 
x’2’(2w) = 
P2)(2w) 
~O~l(~)~Zb) 
=$ $, (P?-P:t)?z) 
x ( 
~ltJ,fnnNnlI 
1. ( W,I-~W) ( -ir,d [(WC-O) -iir,J 
~lt@m?&fnd 
+[(w,,+2wi+ir,,l[(w~I--w)-f,il ’ ) 
(1) 
where the dipole moment matrix element M,, can be cal- 
culated from the following expression: 
J- 
LJ2 ~nm= -L/2 gYzh4Jzw (2) 
This article is organized into four sections including 
the introduction and conclusion. In Sec. II a theoretical 
basis for the calculation is laid. In Sec. III graphs from 
numerical calculations are presented along with the discus- 
sion. 
II. THEORY AND FORMALISM 
The second harmonic susceptibility xc2’( 2~) due to 
the electronic contribution can be expressed as:21*22 
Pc2) (2~) is the second order electronic polarization in the 
presence of an optical radiation of angular frequency w, 
pi is the electric field strength of the optical radiation 
with frequency tii, L., is the total width of the coupled 
quantum well, q is the charge of electron, e. is the permit- 
tivity in vacuum, and N is the doping concentration of the 
coupled quantum well. The f’ operator is the matrix com- 
posed of elements Tnm with rid =rnnm being the dephasing 
time between the: state I$,) and the state 1 $,J and 
lY,‘=r,,,, being the energy relaxation time for the state 
1 I/,>. W,,-E,,,/+i= (En-- E,)/fi is the intersubband 
transition frequency. The diagonal density matrix element 
p:t’ equals the thermal equilibrium occupation probability 
of the corresponding state and can be expressed as:21*22 
(0) = 1 P nn l+exp[(E,-E~)/(K$71 ’ (3) 
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where EF is the Fermi level of the system, T is the tem- 
perature, and KB is the Boltzmann constant. From Eq. ( 1) 
if both photon transitions are at resonance with electrons 
in the CACQW, then the second harmonic susceptibility 
will be greatly enhanced. In order to have this kind of 
double resonance, eigenenergy differences A& 
= AEss=* and AE,, =2ti for the three-level quantum 
well structures should be observed. Thus, by properly tai- 
loring the electronic distribution in the coupled quantum 
well, the second order nonlinear optical susceptibility can 
be greatly enhanced. Another interesting feature is that the 
second harmonic susceptibilities will be suppressed if the 
envelope wave function processes a symmetric or antisym- 
metric property. Thus, if the symmetric property of the 
envelope wave functions of the asymmetric quantum well 
can be restored by the applied electric field, then the sec- 
ond order nonlinear optical susceptibility of this system 
can be suppressed even quenched through an external elec- 
tric bias. 
To calculate the second harmonic susceptibility, the 
energy eigenvalues and dipole moments for an electron in a 
quantum well under an applied electric field should be cal- 
culated first. For a coupled quantum well centered at z=O 
with total well width L, under a bias electric field normal 
to the well, the envelope wave function $, should satisfy 
the following one-dimensional Schrodinger equation: 
k=E,$,, (4) 
where U(z) = -qV(z) represents the electronic potential 
energy variation, E,, and $,, respectively, represent the 
energy eigenvalue and the envelope wave function of the 
nth bound state. This envelope wave function model will 
give results for the energy levels related to either the I 
band to X band separately.23 If the GaAs well is narrow 
enough and the Al mole fraction is high enough, the lowest 
lying I-related level may coincide in energy with the low- 
est lying X-related level. The envelope wave function 
model will predict that these two levels are degenerate in 
energy and consequently will fail. The degeneracy is actu- 
ally lifted by the interaction between I-related and 
X-related wave functions. The mixing potential energy is 
found to be around 2 meV.24 In this article, an Al mole 
fraction of 0.45 is used. Since the GaAs well is wide enough 
(about 90 h; in this calculation) even the second excited 
state subband eigenenergy E3 of the CACQW is lower than 
the X-band edge of the A10,45Gae,,As layer. Thus, the ef- 
fect of the X band on the optical second harmonic suscep- 
tibility is not considered here. The electrostatic potential 
V(z) in the conduction band is determined by the Poisson 
equation: 
d2V(i) 
dz’ = -’ x [N;(z)---n(z)], E (5) 
where iV$ (z) is the ionized donor concentration and n(z) 
is the electron density. To solve the Schrodinger equation 
and the Poisson equation self-consistently, an initial poten- 
tial profile is first suggested. The Schrijdinger equation was 
solved by the transfer matrix method to find eigenenergies 
and envelope wave functions for the given potential profile. 
The Poisson equation was then solved by numerical inte- 
gration to find the new potential profile for the known 
2DEG profile from Schrodinger equation. This process is 
repeated until the convergence criterion 
1 V[+~(Z) - Vi(z) j/l Vi+1 1 <S is reached, where Vi(z) is 
the trial potential profile, Vi+ i (z) is the resulting potential 
profile, and S is a small number. The energy-dependent 
effective mass due to energy-band nonparabolicity has also 
been taken into account2’ in this article. This causes a 
lowering of subband energies of higher excited state sub- 
bands and the lower effect becomes substantial for the 
highest excited state subband. For a more detailed deriva- 
tion, most materials can be found in Refs. 19 and 20. 
III. RESULTS AND DISCUSSION 
Based on the theory developed in the last section, the 
second harmonic susceptibilities for the CACQWs are 
evaluated in this section. All the numerical calculations 
done in this article are based on the following parameters 
unless otherwise stated: the pumping source is 10.6 pm 
CO2 laser line, T=77 K, r,,=re,=7,,=rbb=0.14 ps, and 
the central barrier width is 11 A. The dependence of the 
conduction band potential and effective mass m* on the 
composition of Al used here is adopted from Ref. 25. The 
enhancement of the second harmonic susceptibility by the 
double resonance is studied for various quantum well ge- 
ometry parameters such as the well width asymmetry and 
the well depth asymmetry. The electric field dependence of 
the second harmonic susceptibility has also been evaluated 
and shows two very interesting phenomena of the field 
induced double resonant enhancement of the modulus 
Ix’~)(~w) 1 of th e second harmonic susceptibility xc2) (2~) 
and the field-effect extinguishment of the Ix’~‘(~w> I. 
A. The design of the quantum well geometry 
The relation between the I xc2) (2~) I and the quantum 
well depth difference AU is studied in order to optimize the 
IX(~) (20) I for the 10.6 pm pumping source. Two 
CACQW structures, the 45 Aill A/45 A GaAs/ 
Alo,45GasssAs/AlYGa, --yAs CACQW and the 42 A/l 1 
A/44 A CACQW are evaluated here and their results are 
plotted in Figs. 3 and 4(a), respectively. Eigenenergies of 
both the ground state subband and the second excited state 
subband are mostly controlled by the deep quantum well, 
while the eigenenergy of the first excited state subband is 
mostly controlled by the shallow quantum well. As a re- 
sult, the eigenenergy difference AEZ1 will be increased with 
the AU and the AEsr is nearly independent of the AU. In 
this way, to maximize the Ix’~‘(~w) I of the CACQW 
through the double resonance for the pumping photo en- 
ergy +b a coupled quantum well structure with 
AE3, -2%~ and AE,, < ti is designed first. Then the dou- 
ble resonant condition AEZ,=fiw can be obtained by in- 
creasing the AU to the proper level. From Fig. 3, it is clear 
that the It’s’ I peaks at AU= 137 meV which gives 
the double resonance condition of AE21 =fiti. The effect of 
the AU on the lx(“)(2w)I for the 42 A/l1 A/44 A 
CACQW structure which possesses quantum well width 
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FIG. 3. Calculated second harmonic susceptibility Ixr2’(20) 1 and ei- 
genenergy differences. A.!&, and A&, as a function of the AU for the 45 
till ti45 d; CACQW. 
asymmetry has also been studied [as shown in Fig. 4(a)]. 
The 1~‘~’ (2~) I peaks at AU= 145 meV due to the double 
resonant and dips at AU= AU,=7 meV. Although the 42 
A/l 1 A/44 A CACQW has an inherent width asymmetry, 
by raising the bottom of the wider. quantum well, this 
width asymmetry may be compensated for by the compo- 
sition asymmetry. It is clear from Fig. 4(b) that the cor- 
responding envelope wave functions become symmetric or 
antisymmetric about the origin at AU=7 meV. The 
1~‘~’ (2~) I is suppressed at AU=7 meV due to the sym- 
metry restoration. 
in order to demonstrate the effect of the double reso- 
nance, the I xc2) (2~) I as a function of the pumping source 
wavelength /2 for the double resonant structure is plotted 
along with the single resonant structure in Fig. 5. The 
double resonant structure employed here is a 45 Ail 1 
A/45 A GaAs/Al o.45 G ae,SAs/A1,,Gal -,,As CACQW with 
AU= 135 meV. As for the single resonant structure, the 35 
A/11 A/35 A GaAs/Alo,,Gae,As/Al,,Gal-fis CACQW 
with AU=135 meV is used. For the 35 A/11 A/35 A 
CACQW structure, AE2i = 118 meV and AE,, = 279 meV, 
the corresponding resonant peaks of the Ix(‘) (2~) I lo- 
cated at a-8.9 and 10.5 pm are observed in this figure. 
Because AE,,#2AE2,, this is a single resonant process. As 
a result, both peaks of the 1~‘~’ (2~) I for the 35 A/l 1 
A/35 A CACQW structure are less than one ninth of the 
peak value of I xt2) (2~) I of the 45 A/l 1 A/45 A CACQW 
structure. Since AE,,, 117.5 meV and AE,,-230 meV 
for the 45 %L/ll A/45 A CACQW, this is a double reso- 
nant structure. As a result, only one peak of the 
I xc2’( 2~) I located at il N 10.8 pm is observed in Fig. 5. A 
second harmonic susceptibility of 300 rim/V is achieved for 
the 45 A/l 1 A/45 A CACQW structure at /2- 10.8 ym. 
This is a more than three orders of magnitude enhance- 
ment as compared to the Ix(‘) (2~) ]=0.18 rim/V of the 
bulk GaAs. 
(4 AU (meV) 
0.0 
-80 -40 0 40 80 
W z(A) 
FIG. 4. (a) Calculated second harmonic susceptibility 1,$*)(20) 1 and 
eigenenergy differences, AE2, and AE,, , as a function of the AUfor the 42 
A,/1 1 A/44 %, CACQW. (b) Schematic diagram of the 42 .&/I 1 .&/44 8, 
CACQW structure with AU=AU,=T meV. Subband energy levels and 
their associated envelope wave functions are also displayed. 
B. The effect of the applied electric field 
The method to achieve the double-resonance condition 
is not limited to tailoring the CACQW structure during 
epitaxial growth. It can also be achieved through an exter- 
nal bias electric field. Second harmonic susceptibilities 
Ix(‘) (2~) 1 are studies for the CACQW under an external 
electric field. The direction of the applied electric field is 
defined as from left to right (i.e., positive z direction). The 
I xc2’ (20) 1 as a function of the applied electric field for the 
45 A/l 1 A/45 k CACQW with AU= 110 meV is plotted 
in Fig. 6. It is evident that the 1~‘~’ (2~0) [ can be con- 
trolled by the applied electric field. This field dependence 
of the I xt2) (20) I arose from the variation of dipole matrix 
elements and the eigenenergy differences under the bias 
field. The CACQW structure possesses an enhanced quan- 
tum confined Stark effectlg and a large variation of AE2i 
for the CACQW structure under the applied electric field is 
expected. Since both the ground state subband and the 
second excited state subband are symmetric, both subband 
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FIG. 5. Calculated second harmonic susceptibility It’s’ as a func- 
tion of the pumping source wavelength for the 45 till &45 CACQW 
with AU= 135 meV (solid line) and the 35 A/l 1 A/35 A  CACQW with 
AU= 135 meV (dashed line). 
levels will be lowered by the applied electric field and hEXi 
stays more or less unchanged. If the CACQW is applied 
with a proper positive electric field, the hE,t=%~ can be 
reached and the ]x(~)(~w) ] will be maximized due to the 
double resonance. In this way, the 1 xc2) (20) ] can be con- 
trolled by the applied electric field instead of the CACQW 
structure. 
C. The extinguishment of the Ix(~)(~w)/ 
When a proper external electric field is applied to the 
CACQW, the envelope wave functions may become either 
symmetric or antisymmetric (Fig. 2). This restoration of 
symmetric properties of envelope wave functions will lead 
to the disappearance of the dipole matrix element [Eq. ( 1 )] 
and the second harmonic susceptibility. Thus, the second 
order nonlinear optical effect can be turned off at this 
9 \ 
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FIG. 6. Calculated second harmonic susceptibility jxt2’(20) 1 as a func- 
tion of the applied electric field for the 45 &I 1 A/45 %, CACQW with 
A  lJ=: 110 meV. 
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FIG. 7. (a) Calculated second harmonic susceptibility ]x’~‘(~o) 1 as a 
function of the applied electric field for the 45 A/l 1 u45 %, CACQW 
with AU=40 meV (solid line) and for the 42 all A/44 8, CACQW 
with AU=40 meV (dashed line). (b) Calculated dipole matrix element 
M,s as a function of the applied electric field for the 45 A/l1 A/45 8, 
CACQW with AU=40 meV (solid line) and 42 A/l1 A/44 %, CACQW 
with AU=40 meV (dashed line). 
quenching electric field 8,,rr. From the graph of the rela- 
tionship between the I xc2) (2~) I and the applied electric 
field for the 45 A/l 1 A;45 A CACQW [solid line) and 42 
A/l 1 A/44 A CACQW (dashed line) with AU=40 meV 
[Fig. 7 (a)], a clear dip of the I xc2) (2~) ] can be observed 
at Z?,,,= - 54 kV/cm and -43 kV/cm for the 45 A/l 1 
A/45 A CACQW and the 42 A/l1 A/44 A CACQW, 
respectively. It should be noted that the well depth differ- 
ence AU=40 meV instead of 135 meV is used here. The 
AU= 135 meV CACQW structure will give an unrealistic 
gaff- - 190 kV/cm which exceeds the breakdown field of 
GaAs. The dipole matrix elements Ml3 are also plotted in 
Fig. 7(b) for comparison. Both the IX(~) (2~) I and Mij 
are-greatly suppressed at this quenching electric field. A 
more than 3OO:l on/off ratio for the IX(~) (2~) I can be 
achieved for this CACQW structure. Since the electric field 
is a fast and convenient method of modulation, this direct 
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FIG. 8. Calculated quenching electric field I,, as a function of the AU 
for the 45 .&/I 1 A/45 A CACQW with A U,=O meV (lower line) and the 
42 till %J44 8, CACQW with AU,=7 meV (upper line). The solid line 
is obtained from Eq. (6) and the solid squares are the theoretically cal- 
culated values. 
field control of the second order nonlinear optical proper- 
ties could have great potential for application. 
A simple method to estimate the quenching electric 
field ?Yotf can be derived by the following argument. Before 
application of the quenching electric field, the CACQW 
has a high-low well profile which does not possess any 
symmetry. After application of the quenching electric field, 
the potential profile becomes two coupled identical trian- 
gular wells. With this restoration of symmetric properties 
for the envelope wave function, the second harmonic sus- 
ceptibility will disappear. Thus, the quenching electric field 
gOs could be estimated by the following equation: 
KX (AUo-AU) 
r $,&the width of shallow AlGaAs well), (6) 
where %‘OK is the quenching electric field, AU is the well 
depth difference, AU,, is a correction constant for the well 
width asymmetry between the left well and the right well, 
and K is the correction factor due to the partial confine- 
ment of carriers in finite depth quantum well; ~=0.63 in 
these two cases. Both the theoretical calculated gOs and 
the prediction of gOs by the above simple model are plot- 
ted in Fig. 8 as a function of the AU. It is evident that there 
is excellent agreement between results of these two calcu- 
lations. From Eq. (6) it is clear that the quenching field 
gp,, can be tailored by the width and the depth of the 
shallower quantum well. 
IV. CONCLUSION 
Several compositionally asymmetric coupled quantum 
well structures have been employed to enhance the second 
harmonic susceptibility at 10.6 pm. The second harmonic 
susceptibility of the CACQW has been calculated both 
with and without the bias electric field by using the one- 
particle density matrix formalism. Based on the theoretical 
2182 J. Appl. Phys., Vol. 75, No. 4, 15 February 1994 
prediction, the second harmonic susceptibility could be 
greatly enhanced through double resonance. Various three- 
level CACQW structures have been designed to yield an 
equal spaced eigenenergy level. The second harmonic sus- 
ceptibility for this kind of CACQW structure is greatly 
enhanced through double resonance. In addition to the 
design of the CACQW structure with equal spaced ei- 
genenergy levels, double resonance can also be achieved by 
biasing the CACQW under a proper electric field. Based on 
theoretical calculations, second harmonic susceptibility as 
high as 220 rim/V can be achieved for the CACQW. A 
field quenching effect of the second order nonlinear optical 
effect has also been discovered. This phenomena is attrib- 
uted to the symmetry restoration of envelope wave func- 
tions by the applied electric field. A more than 300: 1 on/off 
ratio for the second harmonic susceptibility can be 
achieved for the CACQW structure. This quenching elec- 
tric field ?Yoff could also be tailored by adjusting the well 
depth difference AU and the well width difference. A sim- 
ple physical model to estimate the %Off has also been de- 
rived. In addition, the assumption of the GaAs/AlGaAs 
material system is not essential in this calculation; any 
quantum well system which can be designed to meet the 
resonant enhancement condition will give a large second 
harmonic generation susceptibility. The GaInAs/AlInAs 
system is of particular interest due to the lower conduction 
band effective mass of GaInAs which has the advantage of 
large oscillator strength for the same intersubband transi- 
tion wavelength. 
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